Among pathologies prevalent in western societies, anorexia nervosa has increased over the last decade. Its effects on bone mass need to be defined, and prognostic factors, either clinical or biochemical, could aid clinicians in individual patient management. To determine which clinical and/or biochemical parameters could be related to bone mass status in adolescent female anorexia nervosa patients, 73 female patients were classified according to different stages of their illness and studied in terms of clinical and biochemical parameters and bone densitometric mineral content at lumbar spine. Patients (age 17.2 Ϯ 1.7 y, mean Ϯ SD) with Tanner pubertal stage 5, regular menstruation for more than 3 mo before the onset of secondary amenorrhea, and diagnosed with anorexia nervosa were consecutively studied and classified in three clinical situations: I) active phase (34 patients): undernourished and amenorrheic; II) weight recovered but still amenorrheic (20 patients); III) fully recovered (19 patients). Clinical data were recorded at the time of bone density measurement, concomitant with blood sample extraction for study of IGF-I, IGF-binding protein 3 (IGFBP-3), IGFBP-1, estradiol, sex hormone-binding globulin, dehydroepiandrosterone sulfate, prealbumin, amino-terminal propeptide of procollagen III, osteocalcin, bone alkaline phosphatase, carboxy-terminal propeptide of procollagen I, amino-terminal propeptide of procollagen I, carboxy-terminal telopeptide of collagen I, 25-OH-vitamin D, 1,25(OH) 2 -vitamin D, and parathormone. In addition, a 24-h urine collection was made for cortisol, GH, deoxypyridinoline, amino-terminal telopeptide of collagen I, and calcium and creatinine content analysis. IGF-I, estradiol, and biochemical bone formation markers were higher and IGFBP-1, sex hormonebinding globulin, and biochemical bone resorption markers were lower in the weight-recovered stages (stages II and III) compared with the active phase (stage I). Bone formation markers correlated positively with body mass index SD score and IGF-I, whereas bone resorption markers correlated negatively with body mass index SD score and estradiol. Although no statistically significant differences regarding lumbar spine bone mineral density SD score values were recorded among the three stages of the illness, the proportion of osteopenic patients was clearly lower among stage III patients. The actual bone mineral density was inversely related to the duration of amenorrhea and directly related to duration of postmenarcheal menses before amenorrhea. In addition, a subset of osteopenic patients (five of 19) in the fully clinically recovered group with accelerated bone turnover was identified. Normal circulating estrogen level exposure time predicts actual bone mineral density at lumbar spine in young adolescent anorexia nervosa patients. In addition to psychiatric and nutritional interventions, estrogen-deprivation periods must be shortened to less than 20 mo. Patients remaining osteopenic at full clinical recovery require additional follow-up studies. Osteoporosis constitutes one of the major health problems to be prevented and treated when human longevity is analyzed in terms of costs and quality of life. Maximal peak bone mass is acquired in the early twenties in both sexes (1), after the end of the period of skeletal longitudinal growth. During infancy and puberty, acquisition of adequate bone mineralization requires normal nutrition and metabolic and endocrine functions and absence of chronic pathologies. Hormones and growth factors that play a major role in regulating bone metabolism include T3, sex steroids, vitamin D, PTH, and GH together with the IGF-IGFBP system, and an intricate local system of growth and transcription factors (2-7). In the critical stage of their illness, patients with AN develop a state of undernutrition accompanied by a constellation of metabolic and hormonal alterations, with the hypothalamo-pituitary-gonadal axis being one of the most severely affected (8, 9 
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METHODS

Subjects.
Seventy-three female patients with Tanner pubertal stage 5 (age 17.2 Ϯ 1.7 y, mean Ϯ SD, range 13.8 -22.6 y) who menstruated regularly for more than 3 mo before the onset of secondary amenorrhea and who were diagnosed with AN according to DSM-IV criteria (22) were consecutively enrolled and classified in three clinical situations (Table 1) : I) active phase (34 patients): undernourished and amenorrheic (defined as BMI lower than Ϫ1 SDS for age and amenorrhea for more than 3 mo); II) weight recovered but still amenorrheic (20 patients): BMI higher than Ϫ1 SDS but still amenorrheic after weight recovery; III) fully recovered (19 patients): BMI higher than Ϫ1 SDS with regular menses for more than 3 mo after weight recovery. Clinical studies. Anthropometric (height, weight, BMI) and gynecologic data (age at menarche, age at onset of amenorrhea, months of amenorrhea, and months of regular menses after weight recovery) were recorded (Table 1) . BMI was calculated as SDS for age and sex according to Hernández et al. (23) .
Bone densitometry studies. Bone densitometry was determined by DEXA with LUNAR DPX-L apparatus at lumbar spine L2-L4 and results expressed as SDS for age and sex according to reference data in our normal population (1) .
Biochemical studies. Baseline blood was drawn between 0800 and 0900 after an overnight fast. During the 24 h preceding the blood extraction, urine was collected at 4°C and protected from light; aliquots were frozen at Ϫ80°C protected from light for DPD and with BSA at 2 g/L for GH. Blood was extracted during the initial follicular phase of the menstrual cycle (d 2-5) for patients with regular menstruation. Blood samples were obtained consecutively throughout the year; the distribution between more and less sunny months was equally distributed in stage I and II patients (46% samples in autumnwinter and 54% samples in spring-summer for stage I and 50% autumn-winter and 50% spring-summer for stage II), whereas in stage III patients, autumn-winter samples predominated (62%).
Serum samples were analyzed for IGF-I, IGFBP-3, IGFBP-1, E 2 , SHBG, DHEA-S, prealbumin, PIIINP, OC, BAP, PICP, PINP, ICTP, 25-VitD, 1,25-VitD, and PTH concentrations. Cortisol, GH, DPD, NTx, calcium, and creatinine content were analyzed in the 24-h urine samples.
All assays were performed with commercially available kits. IGF-I and urinary GH were measured by RIA (Biomérieux, Normal ranges for all assays were obtained in a group of healthy postpubertal females (age 18.2 Ϯ 2.5 y, n ϭ 30) at the initial follicular phase.
Statistical analysis. Comparisons between means of anthropometric and biochemical data of the three stages were analyzed by ANOVA and differences considered significant at p Ͻ 0.05. 2 analysis was performed for differences in BMD-SDS value (normal, osteopenic, and osteoporotic) distribution among the three stages. Correlations between clinical and biochemical data were analyzed by linear and multiple regression analysis and considered significant at p Ͻ 0.05. These analyses were performed with the Statview 4.5 version for Macintosh.
In addition, correlations between bone metabolism biochemical markers and clinical, biochemical, and hormonal data were analyzed after grouping the seven parameters (OC, BAP, PICP,PINP, ICTP, DPD, and NTx) into two nonintercorrelated indexes (matrix of factors), by using a principal compound analysis, the first being the index better summarizing the information contained in the initial seven variables and the second summarizing the information not explained by the first. The indexes were submitted to an orthogonal varimax rotation. The first index contained the formation markers (OC, BAP, PICP, and PINP) and accounted for 30.757% of variance and the second the resorption markers (ICTP, DPD, and NTx) accounting for 33.795% of variance. Linear and multiple regression analysis were performed between each matrix of factors and clinical, biochemical, and hormonal data. This analysis was performed with the statistical program SYSTAT.
RESULTS
Clinical data.
Patients in the three clinical stages (Table 1) presented no differences for age, height, age at menarche, and duration of menses before amenorrhea. Weight and BMI were significantly higher in stages II and III (p Ͻ 0.0001).
BMD data. BMD showed no significant differences between the three clinical stages, but results expressed in SDS for age and sex showed that the means were below Ϫ1 SDS in stages I and II and above in stage III ( Table 1 ). The trend toward higher BMD was demonstrated by a statistically significant different distribution of BMD-SDS values [normal (Ն Ϫ1 SDS), osteopenic (Ͻ Ϫ1 and Ն Ϫ2.5 SDS), and osteoporotic (Ͻ Ϫ2.5 SDS) ( 2 test, p ϭ 0.02)] among the three stages studied.
Hormonal data. Patients in the active phase of the disease (stage I) presented mean serum IGF-I levels below the lower normal limit for age and sex and an extremely low serum level of E 2 ( Table 2) . Weight recovery (stage II) was characterized by a significantly increased mean IGF-I and E 2 (p Ͻ 0.005) and decreased SHBG (p Ͻ 0.05). Recovery of regular menses (stage III) was characterized by higher urinary GH excretion and serum IGFBP-3 (p Ͻ 0.05) and E 2 (p Ͻ 0.005 versus stage II) levels and lower IGFBP-1 (p Ͻ 0.05 versus stage I) serum levels. No significant differences were observed for DHEA-S or urinary cortisol (only two patients, one in stage I and the other in stage II, presented moderately elevated urinary cortisol excretion) (data not shown).
Calcium metabolism data. Calciuria was abnormally high in stage I and was significantly lower in stages II and III (p Ͻ 0.005 for calciuria and p Ͻ 0.05 and Ͻ 0.001 for uCa/Cr, respectively) ( Biochemical bone metabolism markers. Bone formation markers (OC, BAP, PICP, and PINP) presented normal mean serum levels in stage I but were significantly higher with weight recovery in stage II (p Ͻ 0.005 for OC and PICP and p Ͻ 0.0001 for BAP and PINP), with mean levels being higher than age and sex upper limits for BAP, PICP, and PINP (Table  4) . Similar levels were sustained in stage III except for PICP, which was again significantly lower (p Ͻ 0.05).
Among the bone resorption markers studied (ICTP, DPD, and NTx), only ICTP presented significant differences among stages: a decrease was observed between stages I and II (p Ͻ 0.05) and II and III (p Ͻ 0.005), with mean levels being above the upper limit for age and sex at all stages.
Clinical and biochemical determinants of bone metabolism. No significant correlation was observed between BMD-SDS values and any hormonal or biochemical data in the overall group of patients. In simple linear regression analysis, BMD-SDS correlated positively with height (r ϭ 0.55; p Ͻ 0.001), weight (r ϭ 0.32; p ϭ 0.006), and duration of menses before amenorrhea (r ϭ 0.31; p ϭ 0.01) in all patients (Fig. 1B) and negatively with the duration of amenorrhea (r ϭ Ϫ0.48; p Ͻ 0.0005) in amenorrheic patients (stages I and II) (Fig. 1A) . When amenorrhea periods were longer than 20 mo, all patients except one had BMD values lower than Ϫ1 SDS; however, with amenorrhea periods under 20 mo, approximately 50% of patients presented BMD values in the osteopenic range and the rest were within normal limits (Fig. 1) . In stage III patients, no correlation was observed between BMD-SDS and duration of regular menses or with duration of amenorrhea before recovery. Multiple regression analysis showed a significant correlation between BMD-SDS and BMI-SDS (b ϭ 0.285; p ϭ 0.002) and the duration of amenorrhea (b ϭ Ϫ0.046; p Ͻ 0.001). Osteopenic patients in stage III. Twenty-six percent of patients in stage III remained osteopenic (BMD-SDS Ͻ Ϫ1) (five of 19) and, with respect to nonosteopenic patients in this stage, presented no significant difference for any clinical data (age, BMI, evolution time, duration of amenorrhea, duration of menses, duration of menses before amenorrhea, age at menarche) except BMD-SDS (Ϫ1.73 Ϯ 0.36 versus Ϫ0.45 Ϯ 0.60; p Ͻ 0.005) ( Table 5 ). Among the hormonal and biochemical data, the only significant differences between osteopenic and nonosteopenic patients were found for biochemical markers of bone metabolism, which indicated higher bone turnover as demonstrated by higher OC (9.2 Ϯ 2.5 versus 4.8 Ϯ 1.9 ng/mL; p Ͻ 0.005) and PINP (119.8 Ϯ 20.0 versus 91.6 Ϯ 20.8 ng/mL; p Ͻ 0.05) for bone formation and ICTP (7.7 Ϯ 0.5 versus 5.9 Ϯ 1.5 ng/mL; p Ͻ 0.05) for bone resorption.
DISCUSSION
Female patients with AN are at increased risk for osteoporosis because of the association of undernutrition with loss of ovarian sex steroid secretion. Several works have studied bone mineralization status in this pathology (10 -21). We analyzed cross-sectionally the clinical and biochemical characteristics of adolescent female AN patients that may be related to bone metabolism in the three most characteristic stages of the illness (undernutrition and amenorrhea, renutrition and amenorrhea, and, finally, full recovery with normal weight and circulating female sex steroids) in an attempt to clarify which clinical and/or biochemical data may be related to or predict osteopenia.
In the stage of undernutrition and amenorrhea, patients presented low IGF-I and extremely low circulating E 2 . In this situation, biochemical markers of bone metabolism indicated a shift toward bone resorption because, with normal levels of bone formation markers (OC, BAP, PICP, and PINP), bone resorption markers were elevated (serum ICTP) or at the upper normal limit (urinary DPD and NTx). Furthermore, calciuria was abnormally elevated. On average, 60% of patients were osteopenic (BMD Ͻ Ϫ1 SDS), and of these, 26% were osteoporotic (BMD Ͻ Ϫ2.5 SDS), although we lack previous information on their bone mineralization evolution, i.e. whether they had bone density loss during the process of undernutrition and amenorrhea or just failed to attain the normal increase in bone mineralization, characteristic of the end of puberty (1) . The degree of undernutrition in our patients in stage I corresponded to a weight loss between 10 and 25% (23 patients) and 26 and 40% (11 patients) of ideal weight. This explains why IGF-I, though low for age and sex, was not accompanied by high GH secretion (only one patient presented clear high urinary GH excretion) or by high IGFBP-1 and low IGFBP-3. Similar results were described by Golden et al. (24) . This contrasts with other studies in which patients presented high GH secretion (25) , high IGFBP-1, and low IGFBP-3 accompanying low IGF-I (26), although in the study of Argente et al. (27) , IGF-I, IGFBP-3, and GHBP low levels did not correlate with the GH secretory status, which could be independently increased or decreased. Other studies have also shown high cortisol secretion (28 -30) and low DHEA-S response to ACTH stimulation (31) , and in accordance with the clinical characteristics previously mentioned, our patients presented normal urinary cortisol excretion and normal serum DHEA-S.
IGF-I is one of the principal regulators of bone metabolism (5, 6, 32-34); circulating serum levels of IGF-I correlate with BMD in the normal population (35) (36) (37) , and other pathologies Table 5 . Clinical and biochemical data of fully recovered AN patients such as GH deficiency characterized by low circulating levels of IGF-I also present lowered BMD. IGF-I exerts a double effect on bone metabolism by stimulating osteoblastic activity and the resorption process (38) . The need for normal estrogen secretion for bone mass acquisition and maintenance has been demonstrated in adolescent and young women (39, 40) , and hypogonadal states are characterized by low mineralization not only in women but also in men lacking estrogen action (owing to E 2 resistance or aromatase deficiency) (41) . The effects of E 2 on bone metabolism have been described as inhibitory for the resorption process, although direct effects on osteoblastic activity have been described (4, (42) (43) (44) . Clinical data showed that estrogen and progesterone oral replacement therapy in amenorrheic AN patients was effective in preventing progressive osteopenia only in the subgroup with the lowest initial body weight, whereas a significant increase in BMD was only seen in fully recovered patients (45) .
Recovery of normal BMI was characterized by normalization of IGF-I serum levels and lower IGFBP-I and SHBG, both known to be regulated by insulin secretion. Although patients in stage II remained amenorrheic, circulating total E 2 levels were significantly higher than in stage I patients, which together with lower SHBG indicated a clearly higher free E 2 fraction. Although normal cyclic gonadotrophin secretion had not been recovered, the increase in IGF-I may have stimulated granulosa cell E 2 secretion. The conjunction of IGF-I and E 2 increases explains the stimulation of osteoblastic activity (increase in all biochemical bone formation markers) and the decrease in osteoclastic activity (decrease in one of the bone resorption markers) and the significant decrease in calciuria. The overall change in bone metabolism represents a clear shift toward bone formation. In our study, this is reflected by slightly higher though not statistically significant BMD values. Recovery of normal circulating levels of gonadal steroids in stage III patients could lead to an increase in mean BMD-SDS, and the proportion of osteopenic and osteoporotic patients in this group is lower. However, longitudinal follow-up of patients is required for the clinical significance of these changes to be assessed. Our preliminary longitudinal study in 11 patients (19) showed a significant increase in BMD, resulting in values similar to those at the onset of the disease only after gonadal function was recovered. In addition, in the present study, patients remaining osteopenic in the stage of full clinical recovery showed higher bone turnover indicated by higher levels of bone formation and resorption markers.
Our study shows that only clinical data may correlate with BMD and that the most sensitive are BMI and duration of amenorrhea, followed by duration of regular menses before amenorrhea. BMD dependence on BMI has been detected in all clinical studies on BMD determinants (46) . The relationship between BMD and duration of amenorrhea demonstrated in our study shows that periods longer than 20 mo predict BMD in the osteopenic range. The relationship between BMD and duration of regular menses before amenorrhea demonstrates that the longer the interval with menses after menarche, the less probable is the occurrence of osteopenia. Thus, the duration and normal progression of estrogenic activity throughout puberty and at the end of adolescence are crucial for the risk of osteopenia/osteoporosis when a disease such as AN develops. These two clinical data may support the recommendation of closer bone metabolism study and follow-up in patients at increased risk for osteopenia. However, some patients present osteopenia with shorter amenorrhea duration. This indicates that osteopenia genesis is multifactorial and that other bone mineralization regulators, including bone mass peaking achievement before the onset of illness, physical activity, and genetics, may be important in some individuals and that individual evaluation is warranted in these patients.
Biochemical markers of bone metabolism have been shown to correlate with bone metabolism changes occurring during physiologic and pathologic stages of human development: accelerated growth and mineralization during puberty, menopause, and a number of metabolic bone diseases (47) (48) (49) (50) . In our study, no correlation was found between BMD and any individual hormonal or biochemical bone metabolism marker, which indicates that none of these parameters could predict bone mineralization status. However, bone formation markers correlated positively with IGF-I and bone resorption markers negatively with E 2 , indicating that IGF-I is one of the major bone formation stimulators, whereas in the overall result of E 2 action, bone resorption inhibition predominates. The highest correlation was found for PINP as a bone formation marker and for ICTP as a bone resorption marker. Hotta et al. (51) demonstrated a significant positive correlation of BMI, IGF-I, and IGFBP-3 with OC as bone formation marker, whereas a negative correlation for the bone resorption marker CrossLaps was only found with the BMI. Soyka et al. (52) also demonstrated that bone formation (indicated by OC and BAP) in AN was largely due to IGF-I levels; however, those authors found no increased bone resorption and did not study the effect of E 2 levels. Serum bioavailable E 2 was found to be an independent predictor of BMD in both men and postmenopausal women and to correlate negatively with the bone resorption marker urinary Ntx (53) . Although our study is cross-sectional, the differences observed in bone metabolism markers between the different clinical stages of AN illustrate the shifts produced toward bone resorption or bone formation in accordance with nutritional (BMI and IGF-I) and hormonal status (IGF-I, E2, SHBG, PTH, 1,25VitD). The calcium metabolism balance was substantiated by calciuria, which was abnormally high in stage I patients and normalized in stages II and III and 1,25VitD levels that were significantly higher in stage III patients and that probably afforded higher intestinal calcium and phosphorus absorption for enhanced bone mineralization. In the subgroup of fully recovered patients who maintain BMD in the osteopenic range, the bone metabolism markers indicate accelerated bone turnover with an increase in both formation (OC and PINP) and resorption (ICTP), with no other biochemical or clinical differences having been detected to date. This subgroup of patients would, therefore, be candidates for the study of other bone mineralization determinants such as genetics.
In conclusion, our data indicate that in young postpubertal patients with AN, osteopenia is more frequent when patients initiate the process at younger ages and when the duration of amenorrhea is longer. The best predictors for osteopenia are clinical: duration of amenorrhea, duration of regular menses 503 before amenorrhea, and actual BMI. Hormonal and bone metabolism markers in a cross-sectional point may be predicted by BMI, with IGF-I correlating positively with bone formation markers (PINP followed by BAP and OC) and E 2 correlating negatively with bone resorption markers (only ICTP). Patients remaining osteopenic despite clinical and hormonal recovery present accelerated bone turnover. Thus, an individual initial evaluation of bone mineralization must be performed to characterize these patients who may require a longitudinal follow-up.
